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The increasing demands to achieve lower fuel consumption are pushing test facilities to improve accuracy and repeatability. A typical study will require demonstrating changes in fuel consumption of less than 0.5%. This is a very high aim for testing on a chassis dynamometer where numerous setup parameters can be hard to control. In addition, when tests from different testing facilities need to be compared, the effect of small differences in setup through different interpretations of tolerances could lead to inaccuracies, making comparisons of results a difficult task.

The aim of this paper is to identify and investigate the effect of small changes in test conditions on the measurement of fuel consumption. Eleven test setup variables relating to vehicle rolling resistance, engine cooling, battery charge and test rig control algorithm were identified and intentionally perturbed from a standard condition. As an interesting comparison, the effect of removing the power assisted steering (PAS) pump was also tested. The results were compared for overall fuel consumption measurement over a full NEDC cycle.

Due to the large number of variables, a design of experiments (DoE) approach was used, following a two level fractional factorial design. The alias structure of the design was such that all main effects were confounded only with three way interactions or higher. This allowed a response model to be generated assessing the main effects of each factor. The model was shown to have a good fit through a high R2 value and good predictive power through a prediction error sum of squares (PRESS) analysis. The statistical modelling was repeated for 4 different methods of fuel consumption measurement and all were found to be consistent.





The increased costs associated with crude oil and suspected impact of human activity on global warming are pushing research in automotive diesel engines to search for more areas for fuel economy gains [1]. A lot of these areas will involve only very small reductions in fuel consumption, such as the advantages of different lubricant formulations, typically seen to give 1-5% improvement [2][3]. Other examples include comparing different auxiliary units, such as different oil or coolant pumps. Previous studies in this area have shown fuel consumption improvements resulting from the removal of these units to be of the order of 3% [4], meaning differences between units are likely to be small.

Current repeatability on the chassis dynamometer has been established using a series of 60 repeat tests. The distribution of fuel consumption measurements for a NEDC test is shown in figure 1. The current setup achieves a repeatability of 1.34% at 95% confidence, though it is the aim to achieve 0.5%. This paper will attempt to discover the reasons for the variability. The results from this investigation will be useful both in identifying key areas that need to be controlled and explain inconsistencies between separate testing facilities.





Experiments were conducted on a single test vehicle using a robot driver. Fuel consumption was measured using six different measurement techniques:
	Bag analysis: This industry standard method consists of performing a carbon balance on collected exhaust gasses over the cycle.​[1]​
	Feed gas carbon balance: Similar to the bag test, only performed continuously on gases pre-catalyst.
	Tailpipe gas carbon balance: as above but on post-catalyst gases
	Volumetric fuel flow meter (Pierburg PLU 116H)









Figure 2: Distribution of setup parameters during repeat tests

In total 12 setup variables were identified and intentionally perturbed to assess the effect on fuel consumption (see table 1). Coastdown time was broken up into the effects of vehicle alignment, tie down straps, tyre type and tyre pressure. As an interesting comparison the power assisted steering (PAS) pump was also removed.

	Factor	Standard	Perturbed
1	Battery state of charge	Normal	Headlamps on 90mins prior to test
2	ECU engine start temperature	-7degC	-4degC
3	Engine oil level	Upper dipstick mark	Remove 2.5l
4	Pedal Busyness​[3]​	Normal	Busy
5	Speed error	None	3kph fast on cruises







Table 1: Summary of experimental factors and their two settings


Vehicle alignment was assessed using the offset of the front tyres to the parallel condition as shown in figure 3.





Due to the large number of factors to be tested, a DoE approach was used to comply with realistic testing times as a full factorial design, testing all possible combination of the above variables would have required 4096 (212) experiments. It was decided to produce an experimental design using 32 tests. This was chosen as it is the smallest number of experimental runs required to be able to estimate the main effects of each factor independently from two way interactions. The design obtained is a called a 2(12-7) design, which is of resolution IV​[6]​. The Alias structure of this design is such that the main effects are confounded only with three way interactions or greater. This means that it is not possible to distinguish between main effects and high level interactions but by assuming that these are negligible, the main effects can be identified. Second order interactions are confounded between themselves.


























Due to the limited number of tests and the large changes in test setup very little information can be obtained looking at the raw data and hence a response model was fitted to the data. The analysis was limited top the main effects of each factor, though the data allowed to give an estimate of the repeatability of the measurements. A response model for NEDC total gravimetric fuel consumption was fitted using the MATLAB Model Based Calibration toolbox. The model assumed a linear relationship for each factor. Figure 4 shows the main effects of each factor and 95% confidence intervals. These are also tabulated with % effects, 95% and 99% confidence intervals in table 3.


Figure 4: Main effects of factors on gravimetric fuel consumption measurement and 95% error bars (positive effects represent an increase in fuel consumption in the perturbed condition, negative a reduction in the perturbed condition)

The regression model shows that only two of the considered factors are insignificant: the engine start temperature (V2) and tie down straps (V8). All other variables were significant at 95% and 7 factors were found to be significant at 99% (see table 3).















Table 3: Response model main effects and confidence intervals (factors highlighted in bold represent effects significant at 95% confidence level)


The model described the data well, having an R2 value of 0.95, meaning that 95% of the variability in fuel consumption could be described by the 12 factors considered. Predicted residual sum of squares (PRESS) was used to test the predictive power of the model and check for over-fitting. This is an approach which consists of fitting a regression model to a section of the data, and testing it on a second part of the data​[7]​. This yields a PRESS R2 value of 0.84 indicating good predictive power of the model​[8]​. Models were fitted to the same data for three of the other fuel consumption measurement techniques and all yielded R2 values of 0.95 and PRESS R2 values in excess of 0.84, increasing the confidence in the results.

To have confidence in the regression results it is important that all the variables be independent. A way of estimating the dependence of variables is the correlation coefficient​[9]​ and these are shown in table 4 for all independent variables. All coefficients are below 0.45 and the highest values are highlighted in bold. 

The variables with highest correlations are:
	Battery state of charge and Engine oil level
	Battery state of charge and Vehicle alignment
	Battery state of charge and PAS pump
	Vehicle alignment and PAS pump






















The responses listed in table 3 are ranked in figure 5 by percentage change in fuel consumption. Also included in this figure is the result from a previous study on varying oil properties showing the effect of an increase in high temperature high shear (HTHS) value of 0.6cP​[10]​. It can be seen that apart from the two factors deemed not statistically significant, all factors have an effect greater than the change in oil HTHS. 













It was then assumed that each factor would be toleranced to the same level, meaning:

β1σ1 = β2σ2 = (…) = β10σ10 = βiσi










Figure 5: Absolute effect on fuel consumption measurement ordered and compared to typical effect of change of oil HTHS from 2.9to 3.5cP.


The aim of this paper was to achieve a repeatability of 0.5% at 95% confidence level. As a result, it must be assumed that two standard deviations​[11]​ of the output be 0.5%, and hence σy is required to be no more than 0.25%. Since the analysis assumes that the inputs are also normally distributed, Bender​[12]​ [11] suggested reducing this by a factor of 1.5. Hence σy is required to be 0.17% to take into account any underestimates this may cause.
















Table 6: Tolerances for studied parameters on test rig





An investigation into the sources of variation when conducting fuel consumption measurements on a chassis dynamometer has been conducted following a DoE approach. Ten of the twelve factors investigated were found to have effects of the same order of magnitude as the effect removing the PAS pump (6%) and larger than a typical change in oil properties (0.9%). The response model had an R2 value of 0.95 and a PRESS R2 value of 0.84, quantifying level of fit of the model. The results included an 8.7% increase in fuel consumption following a 90 minute discharge using the headlamps, a 5.5% increase when the rig was running 3kph faster on cruises and a 2.6% increase when tyres were deflated by 0.5bar. Interestingly, engine start temperature had no significant effect on fuel consumption.
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^1	  The measurement of fuel consumption using feedgas and tailpipe emissions were conducted whilst taking into account time alignment issues exposed in previous work at by Hawley et al. [5] and Bannister et al. [6].
^2	  This is defined as the cumulative rate of change of pedal position over a complete cycle. It shows an idea of any oscillatory behaviour in the pedal activation. This value is influenced by the robot control algorithm and the effect of excessive pedal activity was to be investigated.
^3	  The pedal busyness was controlled by adjusting the robot driver control algorithm.
^4	  The road speed fan is used to simulate the air flow over the vehicle. An excessive speed would result in excessive cooling of the engine.
^5	  The simulated vehicle mass is a parameter programmed into the dynamometer for correct simulation of accelerations and braking manoeuvres. On a modern test rig this will be achieved by electrical control of the rolling road dynamometer. Some older systems use a series of flywheels to achieve the inertia value, and an exact inertia value may not be achievable.
^6	  The resolution of a fractional factorial design is a description of the generating relation which then defines the alias structure of the design. In a resolution IV design, main effects are confounded with three way interactions and higher, however two way interactions are confounded between themselves [7].
^7	  In this case as the number of tests is low, for each data point a model is fitted to the remaining 31 points and tested against the “removed” data point. This is done for all data points and the R2 value is based on the sum of squares of the errors between the data point its associated model. When larger quantities of data are used, the data can be split into groups and a model created with a “training” group and tested on a “testing group”.
^8	  As with the R2 value, there is no absolute definition of a key value for the PRESS R2. The closer the value is to 1, the better the model can predict the data. The PRESS technique is often used to test the model for over fitting as a high R2 value and a low PRESS R2 value would suggest that the model could be describing noise.
^9	  The correlation coefficient is a measure of the relationship between 2 variables. If there is a strong correlation between two inputs, it will not be possible to distinguish to which factor the resulting effect is attributable to [7]. Whilst the significance of an absolute value of correlation coefficient is highly dependant on context [8] and analysis of absolute value is not often discussed by most authors. It is often accepted however, that a correlation coefficient >0.8 or <-0.8 indicates a strong relationship, greater than 0.5 or -0.5 a fair amount if correlation and below 0.2 or above -0.2 a very weak correlation [9].
^10	  High temperature high shear is a measure of oil viscosity at a temperature of 150degC and shear of 106s-1. One method of measuring this value is by studying the flow rate and pressure drop of a flow of oil through a Capillary tube. This measure of viscosity in these conditions is thought to be representative of an automotive engine bearing under high load [10]. As this value increases it is expected that fuel consumption will increase as a result of increased friction in the engine. In this case, the effect serves as a good example of a typical desired measurement.
^11	  This is based on the assumption that two standard deviations include 95% of the population in normal distribution
^12	  This is referred to as Benderizing and is applicable to situations where the process will vary over the target value over a long period of time, as will be the case in this testing (see [11]).
^13	  It is important to bear in mind that statistical tolerance implies not only that the value be between the two limits, but also be normally distributed about the mean or nominal setting.
^14	  Pedal busyness is assessed as a percentage of the nominal value measured for this test rig. By expressing the value as a percentage, the results may be transferred to other facilities where this phenomenon may be measured by other means.
^15	  Fan speed is set in accordance to the road speed and the speed of the fan has been calibrated to achieve realistic top hose coolant temperatures. This tolerance indicates the permitted variation on this setting throughout the drive cycle.
^16	  This refers to the offset of tyre wall compared to a correctly aligned vehicle as described by Figure 2.
